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Introduction {#sec001}
============

Mammalian blastocysts are composed of two distinct cell types: the inner cell mass and the trophectoderm. The trophectoderm is the first cell type that differentiates from pre-implantation embryos at the blastocyst stage. The trophectoderm cell lineage plays an important role in implantation and placental formation \[[@pone.0167550.ref001]\]. However, the processes trophoblastic differentiation and placental formation in cattle are poorly understood due to interspecies differences compared with mice and humans. In cattle, a blastocyst hatches in the uterus at day 9 of pregnancy and initiates the rapid elongation of the trophectoderm at around day 12 \[[@pone.0167550.ref002]\]. The extraembryonic membrane extends throughout the entire uterine horns by day 24 and subsequently attaches to endometrial cells \[[@pone.0167550.ref003]\]. At the beginning of implantation and throughout pregnancy, trophoblastic binucleate cells are differentiated from mononuclear cells \[[@pone.0167550.ref004]\]. Binucleate cells are fused with uterine epithelial cells and formed trinucleate cells and these cells play similar roles to syncytiotrophoblasts \[[@pone.0167550.ref005]\]. During this peri-implantation period, trophoblastic cells produce a number of molecules such as interferon-tau (IFN-τ), placental lactogen (PL), prolactin-related proteins (PRPs) and pregnancy-associated glycoproteins (PAGs). IFN-τ is a cytokine that mononuclear trophoblast cells of ruminant conceptuses secrete \[[@pone.0167550.ref002], [@pone.0167550.ref006]--[@pone.0167550.ref008]\], and the signals support the recognition of pregnancy \[[@pone.0167550.ref006], [@pone.0167550.ref009]\]. IFN-τ is detected on days 7--8, increases on day 14, peaks on days 19--20 and declines soon after the conceptus attaches to the uterine epithelium \[[@pone.0167550.ref010], [@pone.0167550.ref011]\]. In contrast, PL, PRPs, and PAGs are hormones that are secreted by binucleate cells and play a main role in the fetal-maternal interface \[[@pone.0167550.ref004]\].

Recently, a decrease in the conception rate of cattle has become a serious problem for many countries. Dunne \[[@pone.0167550.ref012]\] reported that most embryonic losses in heifers have occurred before day 14 of pregnancy. Given that this period is closely related to the time of elongation of trophoblasts, it is likely that the development and differentiation of trophoblast cells affect conception ability in cattle. In rodents, trophoblast stem cells (TSCs) have been derived from the polar trophectoderm of blastocysts and retain the capacity to differentiate into all trophoblast derivatives of the later placenta *in vitro* \[[@pone.0167550.ref013], [@pone.0167550.ref014]\], and these cells have been used to investigate their role in the placenta \[[@pone.0167550.ref015]\]. In contrast, authenticated TSCs have not been generated from ungulate species, although primary trophoblast cell lines have been produced from conceptuses from sheep and goat \[[@pone.0167550.ref016]\], pig \[[@pone.0167550.ref017]--[@pone.0167550.ref019]\], and cattle \[[@pone.0167550.ref020]--[@pone.0167550.ref022]\]. Many of these cell lines grow continuously in culture without apparent senescence and display characteristics expressed in trophoblast cells, but they likely represent a differentiation state beyond TSCs in terms of morphology, the presence of binucleate cells in colonies and gene expression related to binucleate cells. Therefore, there are no standard procedures for culturing TSCs in these species until now.

Since the first generation of induced pluripotent stem cells (iPSCs) \[[@pone.0167550.ref023]\], the technique for inducing pluripotency by ectopic expression of transcription factors in somatic cells has allowed the generation and maintenance of iPSCs in species including cattle \[[@pone.0167550.ref024]\] in which it has been difficult to isolate and culture embryonic stem cells \[[@pone.0167550.ref025]--[@pone.0167550.ref027]\]. Recently, the iPS cell technique has also allowed the generation of trophoblast cell lines from somatic cells in pigs \[[@pone.0167550.ref028]\] and in humans \[[@pone.0167550.ref029]\]. This cell lineage also showed trophoblast-like characteristics such as an epithelial-type morphology, the expression of trophoblast-related genes and the formation of trophoblastic vesicles (TVs). However, to date, there are no reports regarding the generation of a trophoblast stem cell line in cattle.

In this study, to provide cattle trophoblast stem cell lines, we attempted to establish induced trophoblast cells (biTBCs) from bovine amnion-derived cells (bADCs) and estimate the cellular characteristics and potential to differentiate into the trophoblast cell lineage.

Materials and Methods {#sec002}
=====================

Ethics statements {#sec003}
-----------------

All cattle were fed grass silage-based diet *ad libitum*. All procedures involving the care and use of animals were approved by the Animal Research Committee of NARO institute of Livestock and Grassland Science.

Isolation of bovine amnion-derived cells (bADCs) and fetal liver-derived cells (bFLCs) {#sec004}
--------------------------------------------------------------------------------------

A bovine amnion layer was harvested from a female Japanese black cattle fetus after 50 days of gestation at the National Institute of Livestock and Grassland Science, Japan. The amnion was mechanically peeled away from the chorion and allantois, divided into small pieces with fine surgical scissors, and dissociated by incubating for 2 hours at 37°C with 0.3% collagenase (Wako, Osaka, Japan) in Dulbecco's modified Eagle medium (DMEM, Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, JRH Biosciences, Lenexa, KS, USA). After collagenase digestion, the cell suspension was maintained at room temperature for 5 min and then poured through a cell strainer; the filtered suspension was then centrifuged at 200 *g* for 5 min. The precipitated cells were cultured in DMEM containing 10% FBS, penicillin (Sigma-Aldrich, St. Louis, MO, USA), and streptomycin (Sigma-Aldrich). When the cells reached confluence, they were cryopreserved in liquid nitrogen until use.

Bovine liver tissue was isolated from a female Japanese black cattle fetus at 68 days of gestation at the National Institute of Livestock and Grassland Science, Japan. The liver was divided into small pieces with fine surgical scissors, and dissociated by incubating for 2 hours at 37°C with 0.1% collagenase in DMEM. After collagenase digestion, the cell suspension was diluted with DMEM containing 10% FBS and then poured through a cell strainer; the filtered suspension was then centrifuged at 200 *g* for 5 min. The precipitated cells were cultured in DMEM containing 10% FBS, penicillin, streptomycin, and primocin (InvivoGen, San Diego, CA, USA). When the cells reached confluence, they were cryopreserved in liquid nitrogen until use.

Cell culture {#sec005}
------------

bADCs and bFLCs were maintained on collagen-coated (Nitta Gelatin, Osaka, Japan) dishes in somatic cell medium consisting of DMEM containing 10% FBS, 50 ng/ml epidermal growth factor (EGF, Calbiochem, San Diego, CA, USA), penicillin, and streptomycin. The cells were dissociated enzymatically with TrypLE Select (Invitrogen) for further propagation.

Bovine trophoblast CT-1 cells, a generous gift from Dr. Kazuhiko Imakawa, The University of Tokyo, were propagated as described previously \[[@pone.0167550.ref002]\]. In this study, CT-1 cells were cultured on plastic plates coated with Matrigel at 38.5°C in air with 5% CO~2~ in DMEM containing 10% FBS) supplemented with 4.5 g/L D-glucose (Invitrogen), nonessential amino acids (Invitrogen), 2 mM glutamine (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 55 μM b-mercaptoethanol (Invitrogen), penicillin, and streptomycin. Hereinafter, the cells were called 'TB cells'.

biTBCs were generated by introducing Dox-inducible PB vectors into bADCs or bFLCs as described below. biTBCs were first generated in iPS medium consisting of Dulbecco\'s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Invitrogen) containing 20% Knockout Serum Replacement (KSR, Invitrogen), 2 mM L-glutamine (MP Biomedicals, Santa Ana, CA, USA), 1×MEM nonessential amino acids (NEAA, Invitrogen), 0.1 mM 2-mercaptoethanol (2-ME, Wako), penicillin and streptomycin supplemented with 2.0 μg xmL doxycycline (Dox, Sigma-Aldrich) and 5 ng/mL human basic fibroblast growth factor (bFGF, Wako or ReproCELL, Kanagawa, Japan). In subsequent experiments, biTBCs were generated and maintained in trophoblast medium (TBM) consisting of DMEM/F12 containing 10% FBS, 2 mM L-glutamine, 1×NEAA, 0.1 mM 2-ME, penicillin and streptomycin supplemented with 2.0 μg ⁄mL Dox. Culture medium was changed every other day. Cells were subcultured every 7 days by physically splitting the cells into clumps using a pulled Pasteur pipette and maintaining them on 35 mm diameter cell culture dishes (IWAKI, Tokyo, Japan) on a feeder layer of 3--5×10^5^ cells SNL cells \[[@pone.0167550.ref030], [@pone.0167550.ref031]\] inactivated with 10 μg /ml mitomycin C (Sigma-Aldrich).

For feeder-free culture, biTBCs were split into cell clumps, and the clumps were transferred onto collagen-coated dishes. Cells were maintained in TBM and subcultured every 7 days.

All cultures were maintained in a humidified incubator at 38.5°C with 5% CO~2~ in air.

Generation of biTBCs using Dox-inducible PB vectors {#sec006}
---------------------------------------------------

bADCs were plated at 1.25×10^5^ cells per 35-mm dish in the culture medium without antibiotics and incubated overnight. Cells were then transfected using Lipofectamine LTX (Invitrogen). Briefly, equal amounts (0.4 μg) of hyPBase vectors (pCAG-hyPBase) \[[@pone.0167550.ref032]\], PB vectors with reprogramming factors (PB-TET-OKS and pPB-TET-c-Myc) \[[@pone.0167550.ref033]--[@pone.0167550.ref035]\], the rtTA PB vector (PB-CAG-rtTA Adv, Addgene), and/or the TagRFP PB vector (pPBCAG-TagRFP-IH) \[[@pone.0167550.ref035]\], 2 μL of Plus reagent (Invitrogen) and 10 μL of Lipofectamine LTX transfection reagent were diluted and mixed in 400 μL Opti-MEM medium (Invitrogen). The DNA-lipid complexes were then added to the culture dish. The culture medium was changed 6 hours after transfection. One day after transfection, the culture was supplemented with 2.0 μg ⁄mL Dox. Four days after the Dox addition, cells were dissociated with TrypLE Select, 1×10^5^ cells were reseeded on a SNL feeder layer, and the medium was replaced with iPS medum or TBM. Fourteen days after the addition of Dox, primary colonies were mechanically collected and transferred onto a SNL feeder layer in 4-well plates. The medium was changed every day or every other day, depending on cell growth ([Fig 1](#pone.0167550.g001){ref-type="fig"}).

![Generation of bovine-induced trophoblastic cells (biTBCs) using Dox-inducible PB vectors.\
(A) Timeline for the establishment of biTBCs in culture medium used for human iPSCs. (B) Timeline for the establishment of biTBCs in culture medium used for bovine trophoblast cells (TBM).](pone.0167550.g001){#pone.0167550.g001}

The original vectors including PB-TET-MKOS (a tetracycline inducible polycistronic vector containing transcription factors in the following order: *c-Myc*, *Klf4*, *Oct3/4*, and *Sox2*), PB-CAG-rtTA Adv and pCX-OKS-2A (a polycistronic retroviral vector containing transcription factors in the following order: *Oct3/4*, *Klf4*, and *Sox2*) were obtained from Addgene (plasmids 20959, 20910, and 19771, respectively) \[[@pone.0167550.ref033], [@pone.0167550.ref034]\]. The empty PB vector and the c-Myc PB vector (pPB-TET-c-Myc) were kind gifts from Dr. Hitoshi Niwa at the RIKEN Center for Developmental Biology. The hyPBase vector (pCMV-hyPBase) was a kind gift from Dr. Keisuke Yusa at the Sanger Institute. To generate pCAG-hyPBase, pCMV-hyPBase was inserted into the pCAGGS vector \[[@pone.0167550.ref036]\].

Alkaline phosphatase and immunofluorescence assays {#sec007}
--------------------------------------------------

Alkaline phosphatase activity in biTBCs was measured using the Vector Alkaline Phosphatase Substrate kit (Vector, Burlingame, CA, USA). For immunofluorescence analysis, cells were fixed with PBS containing 3.7% paraformaldehyde for 10 min at room temperature. After washing with PBS, cells were blocked with 5% bovine serum albumin (Sigma-Aldrich) and 0.1% Triton X-100 (Sigma-Aldrich) for 45 min at room temperature and then incubated overnight at 4°C with primary antibodies directed against OCT3/4 (1:50, SC-9081, Santa Cruz, Dallas, TX, USA), NANOG (1:250, AB5731, Millipore, Billerica, MA, USA), CDX2 (1:100, MU392A-UC, BioGenex, Fremont, CA, USA), or IFN-τ (1:1000, Operon, Tokyo, Japan). Alexa Fluor 488 goat anti-mouse IgG (1:500, Invitrogen) or Alexa Fluor 488 goat anti-rabbit IgG (1:500, Invitrogen) were used as secondary antibodies. Nuclei were stained with 1 μg ⁄mL Hoechst 33342 (Sigma-Aldrich).

Reverse transcription PCR {#sec008}
-------------------------

Total RNAs of cells were prepared using the TRIzol reagent (Invitrogen). DNase I (Takara, Shiga, Japan) was added to preparations to avoid genomic DNA contamination. For reverse transcription, ReverTra Ace (Toyobo, Osaka, Japan) and Random Primer (Invitrogen) were used. PCR was performed with ExTaq (Takara). PCR reactions were set up as follows: 94°C for 2 min followed by 25--40 amplification cycles (94°C for 20 s, 60°C for 30 s, and 72°C for 30--45 s). The reactions included a final elongation step at 72°C for 7 min. Primer sequences are shown in [S1 Table](#pone.0167550.s004){ref-type="supplementary-material"}.

Trophoblastic vesicle formation and differentiation of biTBCs {#sec009}
-------------------------------------------------------------

To assess the differentiation potential of biTBCs, these cells were cultured in low-adhesion culture dishes to induce differentiation similar to the method for inducing embryoid body formation from iPSCs \[[@pone.0167550.ref037]\]. biTBCs were physically split into cell clumps and transferred to MPC (2-methacryroyloxyethyl phosphorylcholine)-treated round-bottom dishes (Nunc, Roskilde, Denmark) in TBM supplemented with 2.0 μg ⁄mL Dox. After 3 days of culture, the medium was changed to fresh medium without Dox and cultured for another 3 days.

The differentiation potential of biTBCs was further examined by culturing the cells without Dox for a long period. biTBCs cultured in TBM supplemented with Dox were physically split into cell clumps and transferred to collagen-coated dishes in TBM in the absence of Dox for 20 to 30 days. The attached cell colonies were subcultured approximately every 10 days. After the culture, total RNA from cells was collected using the TRIzol reagent, and PCR analysis was performed as described above. Immunofluorescence analyses were also performed as described above.

Results {#sec010}
=======

Generation of biTBCs using Dox-inducible piggyBac vectors {#sec011}
---------------------------------------------------------

bADCs isolated from a female Japanese black cattle fetus at 50 days of gestation originally exhibited a heterogeneous population consisting of epithelial and fibroblastic cells in culture ([Fig 2A](#pone.0167550.g002){ref-type="fig"}). During trials for the generation of bovine-induced pluripotent stem cells (biPSCs) from bADCs using Dox-inducible PB vectors in culture medium used for human iPSCs, a small portion of the colonies appeared in a similar morphology as human iPSCs ([Fig 2B](#pone.0167550.g002){ref-type="fig"} and [S1A--S1C Fig](#pone.0167550.s001){ref-type="supplementary-material"}). However, approximately 30% (3 out of 10 colonies, 2 out of 9 colonies, and 3 out of 10 colonies at each experiment) of the colonies showed relatively flattened epithelial-like morphology similar to cobblestones and had more definite cell boundaries between cells ([Fig 2C](#pone.0167550.g002){ref-type="fig"}). When the transfected cells were cultured in medium used for culturing bovine trophoblast cells (TBM) \[[@pone.0167550.ref021]\], the cobblestone-like colonies also appeared at day 8, and approximately 70% (6 out of 8 colonies, 4 out of 6 colonies, and 4 out of 6 colonies at each experiment) of the colonies exhibited trophoblast-like morphology at day 14 ([Fig 2D](#pone.0167550.g002){ref-type="fig"} and [S1D--S1F Fig](#pone.0167550.s001){ref-type="supplementary-material"}). The colonies were then mechanically picked up and transferred onto a fresh SNL feeder layer and subcultured ([Fig 2E](#pone.0167550.g002){ref-type="fig"}). To examine whether trophoblastic types of colonies can be obtained not only from the extra-embryonic cell lineage but also from the embryonic cell lineage, bovine fetal liver-derived cells (bFLCs) were used. Introduction of Dox-inducible PB vectors into bFLCs also resulted in the appearance of trophoblast-like colonies ([Fig 2F](#pone.0167550.g002){ref-type="fig"}), and these colonies were propagated at least 5 passages under the same culture conditions.

![Phase-contrast images of bovine-induced trophoblastic cells (biTBCs).\
(A) Bovine amniotic cells (bADCs). (B) iPSC-like colonies appearing in the culture medium used for human iPSCs. (C) Trophoblast-like colonies appearing in the culture medium used for human iPSCs. (D) Primary trophoblast-like colonies appearing in the trophoblast cell medium at day 14. (E) Established biTBCs derived from bADCs. (F) Established biTBCs derived from bovine fetal liver cells (bFLCs). (G) Formation of trophoblastic vesicles (TVs) in central areas of colonies during culture. (H) Established biTBCs cultured on collagen-coated dishes. (A)-(H) scale bars = 500 μm.](pone.0167550.g002){#pone.0167550.g002}

Approximately 20 cell lines (biTBCs) were generated from 1×10^5^ transfected bADCs, and two (iTB\#1, iTB\#2, and iTB\#3) were further examined to determine cell characteristics. Both cell lines were subcultured every 7 days and stably propagated for over 60 passages. During the culture of these cell lines, they began to form a balloon-like morphology similar to trophoblastic vesicles (TVs), and some detached into the medium ([Fig 2G](#pone.0167550.g002){ref-type="fig"} and [S1G Fig](#pone.0167550.s001){ref-type="supplementary-material"}). The TVs frequently occupied the central areas of the colonies. At the time of subculture, biTBCs were split into small cell clumps and transferred onto a fresh SNL layer. The cell clumps easily transformed into TVs and approximately half of the cells newly outgrew but the other half remained suspended. Thus, medium changes were performed with care not to remove floating cell clumps.

biTBCs that were cultured on a SNL feeder layer were split into cell clumps, and then the clumps were transferred onto collagen-coated dishes. The cell clumps also formed TVs and produced new extended outgrowths of TVs in a similar manner and morphology as that of biTBCs cultured on a SNL feeder layer ([Fig 2H](#pone.0167550.g002){ref-type="fig"}). The cells could be stably passaged on collagen-coated dishes at least 10 times.

Characterization of biTBCs {#sec012}
==========================

To elucidate the differences between biTBCs and biPSCs, biTBCs were measured for their alkaline phosphatase (AP) activity, a well-known pluripotent marker. The two established biTBC lines were only partially positive for AP activity ([Fig 3A](#pone.0167550.g003){ref-type="fig"} and [S2A and S2F Fig](#pone.0167550.s002){ref-type="supplementary-material"}). To further examine the characteristics of these cells, the expression of pluripotent-related and trophoblast-related genes in biTBCs was assessed. Immunocytochemical analysis showed that the cells expressed the caudal-related homeobox 2 transcription factor (CDX2) required for TSC specification and maintenance and IFN-τ ([Fig 3B](#pone.0167550.g003){ref-type="fig"} and [S2](#pone.0167550.s002){ref-type="supplementary-material"} and [S3](#pone.0167550.s003){ref-type="supplementary-material"} Figs). On the one hand, the cells expressed OCT3/4 ([Fig 3C](#pone.0167550.g003){ref-type="fig"} and [S2](#pone.0167550.s002){ref-type="supplementary-material"} and [S3](#pone.0167550.s003){ref-type="supplementary-material"} Figs) but did not express or only weakly expressed NANOG ([Fig 3D](#pone.0167550.g003){ref-type="fig"} and [S2 Fig](#pone.0167550.s002){ref-type="supplementary-material"}), which are well-known transcription factors required for pluripotent stem cell self-renewal. RT-PCR analysis showed that they expressed trophoblast-related genes including *CDX2*, *ELF5*, *ERRβ*, and *IFN-τ*, although the expression of *IFN-τ* in iTB\#2 was relatively low ([Fig 4](#pone.0167550.g004){ref-type="fig"}). These cells also expressed pluripotency-related genes including endogenous *OCT3/4*, *SOX2*, *KLF4*, and *c-MYC* ([Fig 4](#pone.0167550.g004){ref-type="fig"}). Transgene expression was also detected because the cells were maintained in culture containing Dox ([Fig 4](#pone.0167550.g004){ref-type="fig"}).

![Characterization of bovine-induced trophoblastic cells (biTBCs).\
(A) Alkaline phosphatase activity in biTBCs. (B) CDX2 expression in biTBCs. (C) OCT3/4 expression in biTBCs. (D) NANOG expression in biTBCs. (A) scale bars = 500 μm. (B)-(D) scale bars = 100 μm.](pone.0167550.g003){#pone.0167550.g003}

![Endogenous and exogenous expression of genes related to pluripotent stem cells or trophoblast cells in bovine-induced trophoblastic cells (biTBCs).\
mRNA expression was evaluated by reverse-transcription polymerase chain reaction (RT-PCR). vector, plasmid DNA of PB vectors; SNL feeder, SNL feeder cells; bADCs, bovine amnion-derived cells; TB cells, trophoblast cells derived from CT-1 cells; iTB\#1, biTBC line \#1; iTB\#2, biTBC line \#2; iTB\#3, biTBC line \#3; iPS cells, iPS cells derived under the iPS medium condition.](pone.0167550.g004){#pone.0167550.g004}

Differentiation Potential of biTBCs {#sec013}
===================================

To examine the effects of Dox on the cellular characteristics of biTBCs, Dox was removed from culture. For 2 passages after culturing in the absence of Dox, the cells readily changed their cobblestone-like morphology into a more epithelial-like appearance ([Fig 5A](#pone.0167550.g005){ref-type="fig"}) and lost the ability to form TVs. These observations ware also found even when FGF4 and heparin, which support the derivation and proliferation of murine TSCs \[[@pone.0167550.ref013]\], were added in culture ([Fig 5B](#pone.0167550.g005){ref-type="fig"}).

![Differentiation potential of bovine-induced trophoblastic cells (biTBCs).\
(A) Phase-contrast image of biTBCs cultured in the absence of Dox (- Dox) for 7 days. The circled dotted area indicates the colony. (B) Phase-contrast image of biTBCs cultured in the absence of Dox and in the presence of FGF4 and heparin for 7 days. The circled dotted area indicates the colony. (C) Phase-contrast image of TVs generated from biTBCs. (D) Phase-contrast image of differentiated biTBCs. Nuclei were stained with Hoechst. Arrowheads indicate binucleated cells. (E) Endogenous and exogenous gene expression in differentiated biTBCs. iTB\#2: Induced trophoblast cell line \#2; iTB\#2 TV: TVs generated from biTBC line \#2 by culturing in low-adhesion culture dishes for 6 days; iTB\#2 dif, biTBC line \#2 after culturing in the absence of Dox for over 30 days. (A)-(C) scale bars = 500 μm. (D) scale bars = 70 μm.](pone.0167550.g005){#pone.0167550.g005}

To assess the differentiation potential of biTBCs, the cells were cultured in low-adhesion culture dishes to induce differentiation similar to the method for inducing embryoid body formation from iPSCs \[[@pone.0167550.ref037]\] ([S1H Fig](#pone.0167550.s001){ref-type="supplementary-material"}). Even after the cells were cultured for 6 days, biTBCs did not form embryoid bodies but produced TVs similar to those formed during their culture ([Fig 5C](#pone.0167550.g005){ref-type="fig"}). When iTB\#2 cells were cultured in the absence of Dox for over 30 days on collagen-coated dishes, they lost their original morphology and some of the differentiated cells formed binucleate cells ([Fig 5D](#pone.0167550.g005){ref-type="fig"}). RT-PCR analysis showed that differentiation-induced iTB\#2 no longer expressed transgenes but began to express pregnancy-related genes generally expressed in binucleate cells such as *PL*, *PRP1*, and *PAG1* after 30 days of culture in the absence of Dox ([Fig 5E](#pone.0167550.g005){ref-type="fig"}).

Discussion {#sec014}
==========

Trophoblastic cell functions and cell lineages are characterized based on a large number of trophoblast cell lines including TSCs in mice \[[@pone.0167550.ref013], [@pone.0167550.ref014]\]. However, studies regarding trophoblast cell lines in cattle are limited, and the cellular characteristics are poorly understood because of the lack of an *in vitro* culture system for trophoblast cells and their differentiation in culture. Here, we report the generation of new trophoblast cell lines derived from bovine somatic cells by introducing transcription factors used for the generation of iPS cells. Our established trophoblast cell lines (biTBCs) exhibited several criteria of trophoblast stem cells regarding their morphology, cellular behavior, gene expression, and differentiation potential.

After introducing transcription factors by piggyBac vectors, morphologically different colonies from iPS cells appeared even in medium consisting of KSR and FGF2, which are usually used for the generation and maintenance of human iPSCs \[[@pone.0167550.ref038]\]. These colonies were readily distinguishable from iPSC-like colonies according to their morphology because the colonies exhibited relatively flattened epithelial-like morphology similar to cobblestones and had a more definite cell boundary between the cells. Judging from the morphology, we assumed that the cells were trophoblast cells. Therefore, KSR and FGF2 were replaced by FBS in the culture medium (TBM) because previously reported bovine trophoblast cell lines were usually maintained in FBS-containing medium \[[@pone.0167550.ref021]\]. As a result, TBM facilitated the emergence of colonies with the trophoblast cell morphology, suggesting that the FBS prompted the induction of stem cell colony differentiation into the trophoblastic cells. Interestingly, trophoblastic cell lines were established not only from amnion-derived cells but also from fetal liver-derived cells, suggesting that biTBCs could be generated not only from extra-embryonic but also from embryonic cell lineages. The timing for the appearance of iPSC-like colonies and that of biTBCs was approximately the same at around day 8. However, it is not clear if the derivation of biTBCs is provided through a transient and metastable iPS cell state or a direct conversion to biTBCs without such an intermediate cell state. Human embryonic stem cells (hESCs) tend to spontaneously convert to trophoblastic cells under standard culture conditions \[[@pone.0167550.ref039]\] and rapidly differentiate into trophoblast cells upon exposure to BMP4 and related growth factors \[[@pone.0167550.ref040], [@pone.0167550.ref041]\]. Therefore, it is likely that bovine somatic cells underwent cellular reprogramming by the introduction of pluripotency-related transcription factors and readily settled into a trophoblastic cell state.

During the culture of biTBCs, cells frequently formed TVs. This phenomenon is also observed in trophoblast cell lines previously reported in cattle \[[@pone.0167550.ref021]\]. In addition, when biTBCs were transferred and maintained on collagen-coated dishes, they could also stably propagate for over 10 passages, indicating that our generated biTBCs have similar cellular characteristics in culture as previously established trophoblast cell lines from bovine embryos \[[@pone.0167550.ref021]\].

biTBCs exhibited partial AP activity, which is known as a pluripotent stem cell marker. This activity has also been observed in embryo-derived TSCs in mice and rats and TBCs generated from porcine somatic cells through the introduction of transcription factors (iTR cells) \[[@pone.0167550.ref028]\]. Thus, a portion of the population of trophoblast cell lines maintains AP activity; however, the significance of this cell population is obscure in the trophoblastic cell lineage. Moreover, RT-PCR showed that these cells express trophoblast-specific genes, such as *ELF5*, *CDX2*, and *SOX2*, which were also expressed in mouse TSCs \[[@pone.0167550.ref042], [@pone.0167550.ref043]\]. In addition, biTBCs express *IFN-τ*, an antiluteolytic factor responsible for preventing the regression of the maternal corpus luteum and supporting the sustainability of pregnancy for cattle uteri \[[@pone.0167550.ref007], [@pone.0167550.ref044]\]. IFN-τ together with CDX2 is thought to be expressed from mononuclear trophoblast cells or undifferentiated trophoblast cells in ruminants \[[@pone.0167550.ref008], [@pone.0167550.ref044]\]. These results indicate that biTBCs have a heterogeneous population of trophoblast cells and possibly possess cellular characteristics such as those of trophoblast stem cells.

biTBCs expressed endogenous *OCT3/4*, a well-known pluripotent marker. In mouse pluripotent stem cells, OCT3/4 antagonizes CDX2 function and reciprocally regulates their expression, and OCT3/4 expression decreases as trophoblasts differentiate \[[@pone.0167550.ref045]--[@pone.0167550.ref047]\]. However, co-expression of OCT3/4 and CDX2 has been reported in the trophectoderm of bovine blastocysts, and OCT3/4 expression continues in the trophectoderm (TE) of late blastocysts although CDX2 is still expressed in this tissue \[[@pone.0167550.ref048]\]. The endogenous CDX2 expression in the TE does not cause a decrease in OCT4 expression, suggesting that bovine OCT4 expression is not simply repressed by CDX2 at the late blastocyst stage \[[@pone.0167550.ref048]\]. These species-specific differences in *OCT3/4* expression between mice and cattle have been caused by a deficiency in AP2 (TFAP2) binding sites, which are regulatory regions of the OCT3/4 promoter \[[@pone.0167550.ref049]\]. These repressive sequences should be unique in mouse OCT3/4 regulatory regions and absent in other species including human, rabbit, and pig \[[@pone.0167550.ref048]\]. In fact, *OCT3/4* expression in the TE at the blastocyst stage is not downregulated in these species \[[@pone.0167550.ref050]--[@pone.0167550.ref052]\]. Moreover, the species differences in the relationship between OCT3/4 and CDX2 can be attributed to the difficulty in generating biTBCs even by controlling the ectopic expression of transcription factors in the presence of Dox.

When the established biTBCs were cultured in the absence of Dox, they readily changed their morphology and lost the ability to form TVs even in the presence of FGF4 and heparin in culture. A potential solution for achieving the cultivation of iTBCs in the absence of Dox may be to optimize the culture conditions. However, even in the case of mouse TSCs in culture, culture conditions remain complex and require feeder cells or conditioned medium and fetal bovine serum (FBS), fibroblast growth factor 4 (FGF4) and heparin \[[@pone.0167550.ref020]--[@pone.0167550.ref022]\]. Recently, more defined culture conditions for the derivation and maintenance of murine TSCs have been reported \[[@pone.0167550.ref042]\] in which TSCs proliferate well with their stem cell characteristics and differentiation ability in media in the absence of FBS supplemented with insulin, transferrin, and low levels of the cytokines FGF4 and TGF-ß1. In addition, a number of fibroblast growth factors such as FGF1, FGF2, and FGF10 are shown to be involved in development of bovine embryos and expression of IFN-τ in cattle \[[@pone.0167550.ref053]--[@pone.0167550.ref055]\]. This study provides a model for screening for optimal culture conditions for generating authentic bovine TSCs.

biTBCs failed to form EBs after they were cultured in low adhesive culture dishes, but they alternatively formed TVs. Furthermore, when biTBCs were induced to differentiate by culturing in the absence of Dox for over 30 days, they formed binucleate cells and began to express pregnancy-related genes such as PL1, PAG1, and PRP1. The formation of binucleate cells differentiated from mononuclear cells is a characteristic of trophoblast cells in cattle \[[@pone.0167550.ref044], [@pone.0167550.ref056]\], and PL1, PAG1 and PRP1 are genes expressed from binucleate cells \[[@pone.0167550.ref008], [@pone.0167550.ref044]\]. Therefore, the biTBCs in this study have the potential to be differentiated into later stages of the trophoblast cell lineage.

In conclusion, this study reports for the first time that the induction of pluripotency in bovine cells allows for the generation of trophoblastic cells that have trophoblast stem cell-like characteristics and the potential to become differentiated into an extra-embryonic cell lineage. The established cell lines can be a new cell source as a model for studying the trophoblast cell lineage and implantation processes in cattle.
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###### Phase-contrast images.

(A)--(C) Appearance of colonies at day 8 (A), day 11 (B), day 14 (C) in iPS medium. (D)--(F) Appearance of colonies at day 8 (D), day 11 (E), day 14 (F) in TB medium. (G) TB cells derivated from CT-1 cells. (H) EBs from iPS cells. (A)--(H), scale bars = 500 μm.

(TIF)

###### 

Click here for additional data file.

###### Characterization of TB cells and bADCs.

\(A\) Alkaline phosphatase activity in TBcells. (B) OCT3/4 expression in TB cells. (C) NANOG expression in TB cells. (D) IFN-τ expression in TB cells. (E) CDX2 expression in TB cells. (F) Alkaline phosphatase activity in bADCs. (G) OCT3/4 expression in bADCs. (H) NANOG expression in bADCs. (I) IFN-τ expression in bADCs. (J) CDX2 expression in bADCs. (A), (F) scale bars = 500 μm. (B)--(E), (G)--(J), scale bars = 100 μm.

(TIF)

###### 

Click here for additional data file.

###### Characterization of biTBCs and biPSCs.

\(A\) IFN-τ expression in biTBCs. (B) CDX2 (red) and OCT3/4 (green) expression in biTBCs. (C) IFN-τ expression in biPSCs. (D) CDX2 expression in biPSCs. (A)-(D) scale bars = 100 μm.

(TIF)

###### 

Click here for additional data file.

###### Primer sequences.

(XLSX)

###### 

Click here for additional data file.
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